Chirality plays a significant role in chemical, biological, pharmaceutical and material science.^[@cit1]^ The study of chirality has been developed as an innovative technique^[@cit2]^ for distinguishing between a pair of enantiomers. In general, optically active materials are chiral, but not all chiral materials are optically active. The optically inactive but chiral molecules exhibit cryptochirality.^[@cit3],[@cit4]^

The phenomenon of cryptochirality can be observed in isotactic poly(α-olefins) such as polypropylenes and polystyrenes. Neglecting the chain ends, poly(α-olefins) feature a *C* ~s~ symmetry and therefore possess a pseudo-mirror plane ([Fig. 1](#fig1){ref-type="fig"}).^[@cit5]^ Because of the recent development of single-site catalysts for the synthesis of stereoregular and enantiomerically pure poly(α-olefins), it is now possible to correlate the chiroptical properties isotactic poly(α-olefins) with their chain length.^[@cit6]^

![Cryptochirality in isotactic polystyrene **1**.](b912813a-f1){#fig1}

Previously we reported on the synthesis of enantioenriched isotactic polystyrene **1**.^[@cit7]^ It was prepared using a chiral titanium catalyst based on the (OSSO)-type ligand **2** ^[@cit7a],[@cit8]^ and 1-hexene as a chain transfer agent ([Fig. 2](#fig2){ref-type="fig"}). The dependence of the specific rotation value on the molecular weight of the isotactic polystyrenes has been demonstrated.^[@cit7]^ Although low-molecular-weight polystyrene can be optically active, no optical activity was detected for high-molecular-weight polymers (*M* ~n~ \> 5000); *i.e.*, high-molecular-weight polystyrene **1** possesses cryptochirality ([Fig. 1](#fig1){ref-type="fig"}).

![Synthesis of polystyrene **1** and the structure of the (OSSO)-type chiral ligand **2**.](b912813a-f2){#fig2}

How can one discriminate between the enantiomers of cryptochiral compounds? To the best of our knowledge, there is no contemporary method available to determine the cryptochirality of high-molecular-weight isotactic polystyrene. It should be noted that polystyrene does not have heteroatoms. Thus, the development of a method for the recognition of the enantiomeric forms of isotactic polystyrene is a challenge.

We developed a highly sensitive method to detect molecular chirality by using asymmetric autocatalysis^[@cit9]--[@cit12]^ with amplification of enantiomeric excess (ee).^[@cit13]^ In the presence of a chiral compound, the enantioselective addition of diisopropylzinc (*i*Pr~2~Zn) to a pyrimidine-5-carbaldehyde **3** affords highly enantioenriched (*S*)- or (*R*)-pyrimidyl alkanol **4**, whose absolute configuration is efficiently controlled by the absolute configuration of an added chiral compound.^[@cit14]^ Many types of chiral compounds have been used as chiral inducers in asymmetric autocatalysis, including cryptochiral small hydrocarbon molecules,^[@cit15]^ but to date, there has been no report on the use of cryptochiral polymers that consist exclusively of hydrocarbons.

Here, we report on the highly enantioselective addition of *i*Pr~2~Zn to pyrimidine-5-carbaldehyde **3** in the presence of enantioenriched isotactic polystyrene **1** and *ent*-**1** (*M* ~n~ 6000--6100 g mol^--1^) with no detectable optical rotation ([Scheme 1](#sch1){ref-type="fig"}). It was found that the cryptochirality of isotactic polystyrene was successfully recognized in conjunction with asymmetric autocatalysis.

![Enantioselective addition of *i*Pr~2~Zn to aldehyde **3** induced by homochiral polystyrene **1**, followed by asymmetric autocatalytic amplification of enantiomeric purity.](b912813a-s1){#sch1}

[Table 1](#tab1){ref-type="table"} shows the results of the asymmetric autocatalysis triggered by enantiomers of the cryptochiral isotactic polystyrene **1**. The stereochemical correlations of the cryptochirality and the absolute configurations of the resulting 5-pyrimidyl alkanol **4** are depicted. When *i*Pr~2~Zn addition to pyrimidine-5-carbaldehyde **3** was performed in the presence of polystyrene **1**, synthesized using (Δ,*S*,*S*)-**2** as a polymerization catalyst, pyrimidyl alkanol **4** with *S*-configuration was obtained with 15% ee and 85% isolated yield ([Table 1](#tab1){ref-type="table"}, entry 1). On the other hand, the enantiomer of isotactic polystyrene **1** (*ent*-**1**), prepared using (Λ,*R*,*R*)-**2** as chiral ligand, afforded (*R*)-alkanol **4** with 5% ee in 89% isolated yield. The reproducibility of the stereochemical outcome is clearly shown in entries 3--8.

###### Chiral recognition of cryptochirality in isotactic polystyrene **1** and *ent*-**1** by asymmetric autocatalysis

  Entry[^*a*^](#tab1fna){ref-type="table-fn"}   Optically inactive isotactic polystyrene **1**[^*b*^](#tab1fnb){ref-type="table-fn"}   Catalyst used for synthesis   5-Pyrimidyl alkanol **4**         
  --------------------------------------------- -------------------------------------------------------------------------------------- ----------------------------- --------------------------- ----- -----
  1                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             85                          15    *S*
  2                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             89                          5     *R*
  3                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             82                          6     *S*
  4                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             88                          4     *R*
  5                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             83                          1.4   *S*
  6                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             83                          1.1   *R*
  7                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             89                          3     *S*
  8                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             84                          3     *R*
  9[^*d*^](#tab1fnd){ref-type="table-fn"}       **1**                                                                                  (Δ,*S*,*S*)-**2**             91                          1.3   *S*
  10[^*e*^](#tab1fne){ref-type="table-fn"}      *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             88                          3     *R*

^*a*^The molar ratio of polystyrene **1** : pyrimidine-5-carbaldehyde **3** : *i*Pr~2~Zn = 0.018 : 0.525 : 1.18 (mmol). The general procedure for asymmetric autocatalysis ([Table 1](#tab1){ref-type="table"}, entry 1) is as follows: *i*Pr~2~Zn (0.08 mmol, 0.8 mL; 1.0 M toluene solution) was added dropwise to a toluene (0.75 mL) solution of polystyrene **1** (10 mg, *ca.* 0.018 mmol). To this solution was added a toluene (0.25 mL) solution of aldehyde **3** (4.7 mg, 0.025 mmol) over a period of 1.5 h at 0 °C. After stirring the mixture for 15 h, toluene (1 mL) and *i*Pr~2~Zn (0.3 mmol, 0.3 mL; 1.0 M toluene solution) were then added at 0 °C, and the mixture was stirred for 1 h. A toluene (0.75 mL) solution of **3** (18.8 mg, 0.1 mmol) was slowly added, and the reaction mixture was stirred at 0 °C for 1.5 h. Then, toluene (5.0 mL), *i*Pr~2~Zn (0.8 mmol, 0.8 mL; 1.0 M toluene solution) and a toluene (2.0 mL) solution of **3** (75.3 mg, 0.4 mmol) were added successively at 0 °C. After stirring the mixture for 2.5 h, the reaction was quenched with HCl (1 M, 3 mL) and neutralized with a saturated NaHCO~3~ solution (9 mL). The mixture was then filtered through Celite and the filtrate was extracted with AcOEt (three times). The combined organic layers were dried over anhydrous Na~2~SO~4~ and concentrated in vacuo. Purification of the residue by silica gel column chromatography on silica gel (hexane--AcOEt, 3 : 1, v/v) afforded the (*S*)-pyrimidyl alkanol **4** (103.1 mg, 0.444 mmol) in 85% yield. The ee value was determined to be 15% by HPLC, using a chiral stationary phase (Daicel Chiralpak IB 4.6Φ× 250 mm, 254 nm UV detector, room temperature, eluent: 5% 2-propanol in hexane (v/v), 1.0 mL min^--1^, retention time: 11 min for (*S*)-**4** and 16 min for (*R*)-**4**).

^*b*^For the synthesis and properties of **1**, see [@cit7]. *M* ~n~ values are 6108 g mol^--1^ for **1** and 6006 g mol^--1^ for *ent*-**1**.

^*c*^The ee value was determined by HPLC using a chiral stationary phase.

^*d*^(*R*,*R*)-Bis(phenol) **5**, which is a chiral organic part of catalyst (Λ,*R*,*R*)-**2** was mixed with the polystyrene **1**, and (*R*,*R*)-**5** and polystyrene **1** were separated again using silica gel column chromatography before use as a chiral initiator of asymmetric autocatalysis. See also [@cit16].

^*e*^(*S*,*S*)-Bis(phenol) **5** was mixed with the polystyrene *ent*-**1**, and (*S*,*S*)-**5** and *ent*-**1** are separated again using silica gel column chromatography before use as a chiral initiator of asymmetric autocatalysis. See also [@cit16].

The chiral catalyst **2** used in the polymerization reaction can be separated from the polystyrene **1** by purification using silica gel and a reprecipitation technique.^[@cit7a]^ Analytical thin layer chromatography was used to check for the absence of bis(phenol) **5**, which is a chiral organic moiety of titanium complex **2**, from polystyrene **1**. However, considering the possibility of incomplete separation of chiral bis(phenol) **5** from cryptochiral polystyrene **1**, and the asymmetric induction by the remaining bis(phenol) **5**,^[@cit16]^ isotactic polystyrene **1** used in entries 9 and 10 were prepared by mixing the opposite enantiomer of **5** to that utilized in the polymerization reaction, followed by repurification using silica gel column chromatography. The results of entries 9 and 10 strongly support the stereochemical correlations between cryptochiral **1**/*ent*-**1** and (*S*)/(*R*)-pyrimidyl alkanol **4**. Although the enantiomeric excesses of the resulting pyrimidyl alkanol **4** reported in [Table 1](#tab1){ref-type="table"} are only in the range of 1.1--15% ee, it is possible to increase the ee value of the final product **4** by applying consecutive asymmetric autocatalysis.

In [Table 2](#tab2){ref-type="table"}, entry 1, consecutive asymmetric autocatalysis^[@cit13]^ was performed for the purpose of enhancing enantiomer purity to afford (*S*)-**4** with 87% ee. Further asymmetric autocatalysis with amplification of ee has also been applied in entries 2--8 to afford highly enantioenriched (*R*) and (*S*)-alkanols **4** with 67--86% ee. It should be noted that the enantioselectivity in entries 1--8 was the same as observed in [Table 1](#tab1){ref-type="table"}; *i.e.*, isotactic polystyrene **1** obtained from the polymerization catalyzed by (Δ,*S*,*S*)-**2** initiated the formation of (*S*)-alkanol **4**, and *ent*-**1** synthesized *via* catalysis of (Λ,*R*,*R*)-**2** triggered the generation of alkanol **4** with *R*-configuration. Furthermore, an additional three rounds of asymmetric autocatalysis afforded the (*S*)- and (*R*)-product **4** with 94 and 92% ee, as shown in entries 9 and 10.

###### Chiral recognition of cryptochirality of isotactic polystyrene **1** followed by consecutive asymmetric autocatalysis with amplification of enantiomeric excess

  Entry[^*a*^](#tab2fna){ref-type="table-fn"}   Optically inactive isotactic polystyrene **1**[^*b*^](#tab2fnb){ref-type="table-fn"}   Catalyst used for synthesis   5-Pyrimidyl alkanol **4**        
  --------------------------------------------- -------------------------------------------------------------------------------------- ----------------------------- --------------------------- ---- -----
  1                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             93                          87   *S*
  2                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             85                          77   *R*
  3                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             88                          67   *S*
  4                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             87                          84   *R*
  5                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             93                          78   *S*
  6                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             93                          63   *R*
  7                                             **1**                                                                                  (Δ,*S*,*S*)-**2**             94                          86   *S*
  8                                             *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             91                          69   *R*
  9[^*d*^](#tab2fnd){ref-type="table-fn"}       **1**                                                                                  (Δ,*S*,*S*)-**2**             99                          94   *S*
  10[^*d*^](#tab2fnd){ref-type="table-fn"}      *ent*-**1**                                                                            (Λ,*R*,*R*)-**2**             99                          92   *R*

^*a*^On completion of the general experimental procedure, an additional two cycles of asymmetric autocatalysis with amplification of ee were performed. See [@cit13].

^*b*^See [Table 1](#tab1){ref-type="table"}, footnote b.

^*c*^See [Table 1](#tab1){ref-type="table"}, footnote c.

^*d*^On completion of the general experimental procedure, an additional three cycles of asymmetric autocatalytic amplification were performed. See [@cit13].

In this enantioselective reaction, cryptochirality caused by a small relative difference between the end groups of the enantiomeric polystyrene chains may control the *si*- or *re*-enantioface selection of *i*Pr~2~Zn addition to pyrimidine-5-carbaldehyde **3** to afford the isopropylzinc alkoxide of pyrimidyl alkanol **4** (autocatalyst) with a minute enantiomeric imbalance. Once the asymmetric autocatalyst with a small enantiomeric enrichment is generated, the enantiomeric purity of pyrimidyl alkanol **4** increases during the addition of *i*Pr~2~Zn to aldehyde **3** thanks to the asymmetric autocatalysis.^[@cit17]^ Thus, chiral alkanol **4** with an absolute configuration corresponding to that of chiral polymer **1** is formed in a highly enantioenriched form. We can therefore distinguish the enantiomeric form of cryptochiral polystyrene **1** by determining the absolute configuration of the resulting alkanol **4**. The detailed mechanism of the amplification of enantiomeric excess in asymmetric autocatalysis is now under investigation. The results will be reported in due course.

On the other hand, when polystyrenes with higher molecular weights (*M* ~n~ \> *ca.* 600 000 g mol^--1^) were used in the asymmetric autocatalysis, no reproducible results were obtained (thus far). This may be ascribed to further minute cryptochirality of **1**, the occurrence of stereoerrors and/or low solubility in toluene.

In summary, we have demonstrated that asymmetric autocatalysis is a useful method for sensing cryptochirality of homochiral isotactic polystyrene **1**. Homochiral polystyrenes autocatalytically induce the enantioselective addition of *i*Pr~2~Zn to pyrimidine-5-carbaldehyde **3** to afford the pyrimidyl alkanol **4** with the corresponding absolute configurations to that of cryptochiral polystyrenes. Cryptochirality of isotactic polystyrene, which cannot be distinguished between the enantiomeric forms by applying any contemporary technique, can be discriminated as the visible chirality of autocatalyst **4** by asymmetric autocatalysis with amplification of chirality.

[^1]: †Electronic supplementary information (ESI) available: The asymmetric autocatalysis induced by bis(phenol) **5**. See DOI: [10.1039/b912813a](10.1039/b912813a) Click here for additional data file.
